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EXECUTIVE SUMMARY
Two aquifer tests were conducted at MSB-78B/C, located in the Western Sector of the A/M Area.
MSB-78B/C is a 2-inch diameter well having two separate screen zones, each finished in the Upper and Lower Lost Lake Aquifer Zones, respectively. Each screen zone was pumped separately using an inflatable packer to isolate one zone from the other during the tests. Hydraulic responses to pumping during each test were monitored in separate wells located 25 feet from the pumping well. The hydraulic parameters Transmissivity, Storativity, and Leakance were calculated for the Upper and Lower Lost Lake Aquifer Zones using the drawdown responses. Pumping rates of 4.1 gallons per minute were achieved during each test and all purged water was collected in a tanker truck and transported to an air stripper for disposal.
INTRODUCTION
The Western Sector, AIM Area is located just west of the M-Area Settling Basin on an upland area. The area is adjacent to the gently inclined area where the upland drops off to the Savannah River floodplain. Water in the parts of the uppermost aquifers contains dissolved contaminants which originated at the land surface and have leached downward into the groundwater. Subsurface contamination originated in the locality of the M-Area Settling Basin and Lost Lake, which i s a Carolina Bay. These locations functioned as disposal sites for industrial solvents during the early years of operation of the Savannah River Site. The primary groundwater contaminants are trichloroethylene (TCE) and tetrachloroethylene (PCE), and groundwater concentrations of TCE are significantly greater than the PCE.
Within the AIM Area a program was initiated in the early 1980s to remediate the subsurface contamination. Pump and treat technology has been applied to groundwater in the shallowest aquifers and vapor extraction in the vadose zone has been applied to intercept contaminants before they reaches the saturated zone. Remediation efforts in the AIM Area have utilized groundwater flow models to guide the location of extraction wells. Groundwater flow models require input data which is based on characterization efforts of the groundwater flow system. One type of information required is the hydraulic characteristics of the aquifer and aquitard units in the groundwater flow system. The activities described in this report relate to the instrumentation of a field site at the MSB-78 well cluster location for conducting two aquifer tests, conducting the two tests, and the analysis of water level drawdown responses to calculate hydraulic parameters for the Upper and Lower Lost Lake Aquifer Zones. The location of the MSB-78 well cluster in the Western Sector is shown on Figure 1 . During the aquifer tests water samples were collected so that concentrations of TCE and PCE could be determined.
. I Objective and purpose
The primary objective of this investigation was to obtain estimates of hydraulic parameters for the Upper and Lower Lost Lake Aquifers in the Western Sector of the AIM Area. The hydraulic parameters calculated in this analysis include the horizontal hydraulic conductivity, storativity, and leakage coefficient for the two aquifer zones and the confining zone vertical hydraulic conductivity.
The purpose of obtaining these parameter values is to improve conceptual understanding of groundwater flow system in Western Sector of AIM Area, and to provide data that will be used to improve the calibration of the existing groundwater flow models of the AfM Area groundwater flow model, which will be utilized in assessing the effectiveness of groundwater remediation activities in the Western Sector. A secondary purpose was to demonstrate the feasibility of using a dualscreen, 2-inch diameter, well for conducting multiple-well aquifer tests in and area of suspected groundwater contamination. The uppermost hydrostratigraphic units, in descending order, include the Water Table, or M-Area Aquifer Zone, the Green Clay Confining Unit, the Lost Lake Aquifer Zone, and the Crouch Branch Confining Unit. The Green Clay Confining Zone is a leaky aquitard which acts to impede water flow from the M-Area Aquifer Zone to the Lost Lake Aquifer Zone. An unnamed, and somewhat discontinuous, aquitard divides the Lost Lake Aquifer Zone into upper and lower sub-zones in parts of the AIM Area. Although discontinuous, this aquitard is usually very competent in restricting vertical movement of groundwater where it is present. Underlying the Lost Lake Aquifer Zone is the Crouch Branch Confining Unit which consists of an upper aquitard, a middle sand, and a more effective lower aquitard. This confining unit appears relatively effective in minimizing downward flow from the Lost Lake Aquifer Zone into the underlying Crouch Branch Aquifer throughout most of the AIM Area, A more detailed compilation of information on the hydrostratigraphy of the AIM Area is presented Aadland, et. at., (1995) , however there are some differences in nomenclature between this report and Aadland, et. at. (1995) . In this report the Upper Lost Lake Aquifer Zone is identified separately from the Lower Lost Lake Aquifer Zone because of the presence of the clay zone (-15 feet thick) located near the middle of the Lost Lake Aquifer in the vicinity of the MSB-78 well cluster. Due to the intermittent presence of this confining unit, Aadland et. al. has referred to the Lost Lake Aquifer without identifying sub-zones.
In the Western Sector of the A/M Area, horizontal movement of groundwater within the M-Area Aquifer Zone and the Lost Lake Aquifer Zone is predominantly westward, toward the Savannah River. The Savannah River is a regional groundwater discharge zone and even the deepest aquifers in the area discharge to it. The water table decreases in elevation from the AIM Area in the direction of the Savannah River and eventually it drops below the Green Clay Confining Unit into the Lost Lake Aquifer Zone between MSB-78 and the Savannah River floodplain. There is a downward hydraulic gradient in the shallow aquifers near the MSB-78 well cluster and, consequently, there is some vertical groundwater movement in the downward direction in the uppermost aquifer and aquitard units near the MSB-78 well cluster site. Vertical movement is more pronounced in places where confining units are thin or absent. Within the Upper and Lower Lost Lake Aquifer Zones, the predominant horizontal direction of flow is to the southwest. The configuration of the potentiometric surfaces for each of these zones is illustrated in Figures 2 and 3. Potentiometric contours were developed after posting water level measurements obtained from other wells in the vicinity of the MSB-78 well cluster. A hydrogeologic cross-section illustrating the position of the well screens in MSB-78B/C relative to the units is shown in Figure 4 .
Groundwater Contamination
Operations at the SRS, N M Area have resulted in the release of chlorinated solvents to the subsurface. The solvents are primarily trichloroethylene (TCE) and tetrachloroethylene (PCE), both of which are immiscible with water and are soluble in groundwater in only trace concentrations (Looney, 1992) . The solvents also tend to form a dense, non-aqueous phase that migrates downward through the vadose zone near the source areas and continues through the saturated zone. The primary source area of TCE contamination is in the vicinity of the M-Area Seepage Basin and Lost Lake. 3w4 340 WSRC-TR-96-0227
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WELL INSTALLATION AND CONSTRUCTION DESIGN
MSB-78BIC was installed in late 1995 in the vicinity of MSB-78D. This well is a temporary well constructed with 2-inch diameter PVC casing and functioned as the pumping well for both aquifer tests conducted at this site in the Upper and Lower Lost Lake Aquifer Zone. MSB-78BIC has dual screen zones, one finished in the upper Lost Lake Aquifer Zone and the other in the lower Lost Lake Aquifer Zone. The upper screen is 17 feet in length while the lower is 15 feet in length, and both are separated by a 15-foot section of casing. This segment of casing is adjacent to a confining unit that separates the upper and lower Lost Lake Aquifer Zones in the vicinity of this well cluster. The screen zones were installed with a filter pack material surrounding the screens, however bentonite was emplaced in the well annulus adjacent to the casing segment that separates the screen zones. Above the upper screen, the annulus is grouted to the surface. A diagram of the construction for MSB-78B/C is illustrated in Appendix A.
Following installation of MSB-78B/C, two other wells, MSB-78CR and -78B, were installed close to MSB-78B/C. These wells were constructed according to standard SRS monitor well design standards and will serve permanent monitoring wells at this location. MSB-78CR and -78B are constructed with screen zones 5-feet in length, and positioned at elevations which correspond to the lower 5 feet of each of the screen zones in MSB-78BIC. As such, MSB-78BR has its screen completed in the Lower Lost Lake Aquifer Zone while MSB-78CR has its screen completed in the Upper Lost Lake Aquifer Zone. These wells were each installed at a distance of 25 feet from MSB-78B/C and are constructed of 2-inch PVC casing. This relatively close distance from the pumping well was required because of the low maximum pumping rates that can be achieved from 2-inch diameter wells and the need to observe the slight hydraulic responses to this pumping.
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TEST DESIGN, INSTRUMENTATION, AND FIELD TEST METHOD
Site instrumentation
Once the wells were installed the site was instrumented to conduct the two aquifer tests. MSB-78B/C was utilized as the pumping well for each of the tests while hydraulic responses were monitored in MSB-78BR and -78C. The first test was conducted in the Upper Lost Lake Aquifer Zone by pumping the upper screen zone and monitoring for hydraulic response in MSB-78CR. The second test was conducted in the Lower Lost Lake Aquifer Zone by pumping the lower screen zone and monitoring for response in MSB-78BR. Prior to each test the screen zone to be pumped was isolated from the other screen by placing an inflatable packer in the section of casing between the screen zones. Configuration was relatively simple for the Upper Lost Lake Aquifer Zone test because the pump was situated above the packer. Configuration was more difficult for the Lower Lost Lake Aquifer Zone test because the pump had to be suspended below the packer and pumped water had to pass through a flow-through pipe. Additionally, the electrical wiring had to pass through the packer to operate the pump during this test.
A Grundfos Redi-flo2 pump was utilized to perform the aquifer tests while a Campbell Scientific CR-I 0 data logger with 4-20mA (full-scale) pressure transducers was utilized to monitor hydraulic responses to pumping in MSB-78BR and -78C. Water level responses were not monitored in the pumping well because the 2-inch well diameter was too small to permit a sensor to be lowered into the well while the pump was in the well. MSB-78CR was equipped with a 5-psi pressure transducer while MSB-78BR was equipped with a IO-psi pressure transducer. Both wells were monitored during each of the tests so that the effectiveness of the packer seal could be verified. Pumping rates were monitored using a factory calibrated totalizing flowmeter. Discharge from the pumping well was fed directly into a tanker truck for transport to a permitted air stripper facility.
Test design
The aquifer tests were limited in terms of pumping rate because of the relatively small well diameter and in pumping duration because of the requirement to containerize and dispose of purged water at a permitted air-stripper facility. Maximum pumping rates that have been achieved in 2-inch wells using Redi-flo2 pumps are in the 7-8 gallons per minute (gpm) range. The maximum achievable pumping duration is equal to the time it takes to fill the tanker truck to its capacity of 2000 gallons. This length of pumping was not required during each test because water levels re-equilibrated before the tanker truck was completely filled up.
The first test was conducted in the Upper Lost Lake Aquifer Zone on June 6, 1996. Pumping was initiated at 0925 and continued until 1430, for a duration of 305 minutes. A total of 1235 gallons were pumped from the Upper Lost Lake Aquifer Zone. Water level monitoring was initiated 25 minutes before the start of pumping and continued for 49 minutes following the cessation of pumping. Measurements were recorded every 30 seconds throughout the pre-test period, pumping period, and post-pumping period. A sample was collected after 4 well volumes were purged at the beginning of the test and a second one was collected approximately 1 minute prior to termination of pumping.
The second test was conducted in the Lower Lost Lake Aquifer Zone on June 12,1996. Pumping was initiated at 0905 and continued until 1135, for a duration of 150 minutes. A total of 615 gallons were pumped from the Lower Lost Lake Aquifer Zone. Water level monitoring was initiated 12.5 minutes prior to the start of pumping and continued for 1441 minutes following the cessation of pumping. Measurements were recorded every 30 seconds throughout the pre-test period, pumping period, and post-pumping period. A sample was collected after 4 well volumes were purged at the beginning of the test and a second one was collected approximately 1 minute prior to termination of pumping.
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ANALYSIS
Drawdown response
Responses to pumping were analyzed using analytical models developed by Hantush and Jacob (1 955). The Hantush model was developed for application in confined aquifer settings where there is significant leakage into the pumped aquifer from adjacent aquifer@) during aquifer testing.
The field data was developed using a standard Microsoft Excel spreadsheet, including preparation of input files for the analysis program. The analysis was conducted using the software program AQTESOLV Version 2.01, developed by Geraghty and Miller, Inc. Although options exist within AQTESOLV for analysis of recovery data, analysis of field data from this part of the aquifer tests was not conducted because the analytical models do not account for leakage from adjacent formation. The field setting in the vicinity is thought to be a leaky, confined setting therefore the analytical method accounting for leakage is thought to provide results that more accurately reflect the natural conditions.
Data processing did not include a correction for atmospheric pressure variation during the test. Previous analysis has indicated that atmospheric pressure changes over the relatively short time periods during which the tests are conducted (4-5 hours) do not appreciably effect water levels in the wells.
Within AQTESOLV the non-linear least square method was employed as a first-cut in matching the field data with the analytical curve. The initial match was fine-tuned with manual adjustments.
Groundwater chemistry
Groundwater samples were collected during each aquifer test. Two samples were collected during each test, the first one immediately following the purging of four well volumes of groundwater from the well, and the second just prior to cessation of pumping. The four volatile organic samples were analyzed in the SRTC ADS Laboratory by Gas Chromatography -Mass Spectroscopy, using the ADS method 2656.
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6.0 RESULTS
MSB-78CR Test
A graph of water level responses to pumping in the Upper Lost Lake Aquifer at MSB-78BK is illustrated below in Figure 5 . Measurements were obtained in monitor well MSB-78CR. The maximum amount of drawdown detected in this well is just under two feet. Drawdown had practically re-equilibrated after 305 minutes of pumping. Water levels immediately began to recover following the termination of pumping, however water levels had not recovered to pre-test levels at the time monitoring was stopped. 
Figure 5 Graph of MSB-78CR water level response to pumping in MSB-78BX
A graph illustrating the matching of the field drawdown curve, from water level responses monitored in MSB-78CR, with the theoretical Hantush-Jacob type curve is illustrated below in Figure 6 . The graph is shown on log-log axes. The deviation of the two curves at times prior to 2 minutes is attributable to the "wellbore storage" effect. The theory assumes that water is extracted from a line source in the center of the well and that the porous media is continuous through the wellbore. This theoretical condition cannot be satisfied and the fact that the initial water purged from the well is produced from storage in the wellbore, and not from aquifer material, has the efffect of causing actual drawdown to be less than theoretical drawdown for a short period of time at the beginning of the test. After two minutes of pumping, the degree of conformance of the field and type curve is extremely close. The calculated values of Transmissivity, Storativity and Leakance (r/B) are calculated to be 0.13 f?/min., 5.925E-05, and 3.951E-02, respectively. The pumping rate during this test was steady at 0.55 ft3.min, the radial distance from the pumping well is 25 ft. and the borehole and casing radii are 0.667ft. and 0.167ft., respectively. 
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MSB-78C HANTUSH SOLUTION
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Figure 6 Analysis of drawdown at MSB-78CR.
6.2
MSB-78BR Test
A graph of water level responses in MSB-78BR to pumping in the Lower Lost Lake Aquifer at MSB-78B/C is illustrated below in Figure 7 . Drawdown occurred rapidly following the start of pumping and gradually diminished with time. The maximum amount of drawdown detected in this well is approximately 0.6 feet. Water levels had nearly re-equilibrated after 150 minutes of pumping. Following the termination of pumping water levels experienced a rapid recovery, however a "spike" in water levels is observed immediately after the pump was shut off but dissipated after 5 minutes. The spike is thought to have resulted from the backwashing of water from the pump discharge line after the termination of pumping. There was no check valve on the pump to prevent such an event. After 5 minutes water levels returned to the more typical recovery pattern and reached pre-test levels after 150 minutes.
WS RC-TR-96-0227 Figure 7 Graph of MSB-78BR water level response to pumping in MSB-78B/C A graph illustrating the matching of the field drawdown curve, from water level responses monitored in MSB-78CR, with the theoretical Hantush-Jacob type curve is illustrated below in Figure 8 . The graph is shown on log-log axes. The calculated values of Transmissivity, Storativity and Leakance (r/B) are calculated to be 0.752 ff/min., 3.541 E-06, and 3.638E-03, respectively. The pumping rate during this test was steady at 0.55 ft3/min, the radial distance from the pumping well is 25 ft. and the borehole and casing radii are 0.667ft. and 0.167ft., respectively. WSRC-TR-96-0227
MSB-78B HANTUSH SOLUTION
Listed below in Table 1 is a summary of the hydraulic parameters that were acquired from conducting the two aquifer tests. Table 1 Summary of hydraulic parameter values for both aquifer tests.
These values are quite similar to the range of values estimated from previously conducted multiple-well tests at higher pumping rate, or longer-duration tests conducted in the Upper and Lower Lost Lake Aquifer Zones at other locations within the A/M Area. For reference, a table of values for hydraulic parameters from other aquifer tests conducted in the Lost Lake Aquifer somewhere in the A/M area is presented below in Table 3 . Tests conducted at these wells were the so called "multiple-well tests" which are thought to provide more reliable estimates of hydraulic parameters than single-well or slug tests. Sources of information: Hiergesell and Pemberton (1995); Hiergesell(l994) Note: LLAZ = Lower Lost Lake Aquifer Zone, ULLAZ = Upper Lost Lake Aquifer Zone Table 2 6.3
Comparison of hydraulic parameters calculated in this investigation with other estimates for the same aquifer zones in AIM Area.
Confining unit vertical hydraulic conductivity
The values of r/B can be used to calculate an "averaged" value for vertical hydraulic conductivity, K, (or K ) , for the low permeability unit separating the two aquifer zones. An assumption must be made that all of the leakage is derived through either the overlying or underlying confining unit to use this approach. Estimates are made using the formula: Rearranging the terms of the equation: For the data obtained from the Lower Lost Lake Aquifer Zone and using a radial distance of 25 ft, the distance from the monitor well to the pumping well, the following estimate of K was calculated. This value of vertical hydraulic conductivity of the confining unit is slightly higher than the range for permeability of an unweathered marine clay.
Chemical analyses of groundwater samples
Analyses of groundwater samples collected during the aquifer tests indicate that TCE i s present in both the Upper and Lower Lost Lake Aquifer Zones in concentrations that range from 64 to 84 ug/L. These concentrations range from 10 times to 15 times the primary drinking water standard (PDWS). Table 3 , shown below, summarizes these values. Table 3 Results of groundwater sample analyses
The nearest monitoring wells to the MSB-78 cluster also indicate the presence of I C E in the subsurface. The MSB-76 well cluster is located approximately 600 feet east of MSB-78 and the TCE concentration in the Upper Lost Lake Aquifer is relatively high, ranging from 12 to 15 mg/L in samples collected during the past few years. No analysis for TCE in the Lower Lost Lake well was found in the geochemistry data base for the Lower Lost Lake well at the MSB-76 cluster. The next closest cluster is the MSB-20 cluster and TCE concentrations are below the PDWS in the Upper Lost Lake Aquifer Zone, ranging from 1 to 2 ug/L. Concentrations in MSB-20A well, a horizon deeper than the Lower Lost Lake Aquifer Zone, are reported as ranging from 785 to 1030 ug/L during the 1994-1995 time period.
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CONCLUSIONS
The hydraulic parameter estimates obtained in this investigation suggest that satisfactory results were obtained from the two multiple-well aquifer tests conducted by pumping each screen zone in MS6-78WC. Evidence to support this is includes the high degree of correspondence between field data curves and the analytical curves, as seen in Figures 6 and 8 . Values of hydraulic conductivity calculated in this investigation were 6.5E-03 Wmin and 5.01E-02 Wrnin for the Upper and Lower Lost Lake Aquifer Zones, respectively. These values are quite similar to the range of values estimated from previously conducted multiple-well tests at higher pumping rate, or longer-duration tests conducted in the Upper and Lower Lost Lake Aquifer Zones at other locations within the AIM Area (see Table 2 ). Multiple-well tests are thought to provide more reliable estimates of hydraulic parameters than single-well or slug tests.
The feasibility of using a 2-inch diameter well with dual screen zones as the pumping well for separate aquifer tests of the zones adjacent to each of the screens was demonstrated in this investigation. With the use of an inflatable packer each screen zone was successfully isolated from the other when it was pumped. Evidence of this is demonstrated by the fact that no discernible response to pumping was detected in MSB-78CR (ULLAZ) when the lower screen zone (LLLAZ) was pumped in MSB-78BIC. Likewise, when the upper screen zone (ULLAZ) was pumped, no discernible response was detected in MSB-78BR (LLLAZ). Because of space constraints inside a 2" diameter well, it was not possible to monitor water levels within MSB-78B/C when it was pumping.
The main advantage of using a multiple screen well as the pumping well for separate tests in each screen zone is that the installation costs of a single well is less than for installation of separate wells to conduct each of the tests. Although there may be an additional cost for packers the overall cost is significantly less with the use of a single well. A well of such construction can easily be installed in the vicinity of existing well clusters to conduct multiple-well tests at each monitored horizon. Wells that are installed with fully penetrating screen zones are not well suited for ongoing groundwater quality monitoring and are frequently abandoned after an aquifer test is conducted. Considering that pumping wells are likely to be a temporary items, it would seem prudent to minimize the number of wells that will be abandoned following the tests.
Care must be taken in instrumenting each site so that credible estimates of parameters may be obtained. Wells must be located at appropriate distances from one another and be constructed with screen zones of the appropriate length and at the appropriate elevations. If possible, pumping well screens that fully penetrate the aquifer zone should be installed so that the most straightforward analytical methods can be used to calculate hydraulic parameters. This consideration is especially important if observation wells are located close to the pumping well, as is usually the cas'e when 2-inch wells are used to conduct aquifer tests. The critical distance is usually taken to be a distance equal to twice the aquifer thickness.
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